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1. Introduction 


Ion implantation is a powerful technique for the production of new materials. However, in 
order to find an optimal way of obtaining compounds with desirable properties, the 
influence of many parameters must be tested. The characterization, among other things, 
should contain a very precise determination of the local neighbourhood of the implanted 
ions. This can be revealed by the X-ray absorption fine structure (XAFS) techniques. Their 
main advantage is elemental selectivity, which allows the experimenter to extract 
information on the atomic neighbourhood of the chosen species of atom even at very low 
concentration of this element. 


2. X-ray absorption fine structure techniques 


When the X-ray photon energy is equal to the binding energy of a core level of an atom in 
the material an abrupt increase in the absorption coefficient occurs. This phenomenon is 
known as the absorption edge. The edge energy is characteristic for the type of the excited 
inner shell and the type of the absorbing element. 


The X-ray absorption spectrum is being usually divided into two regions: X-ray absorption 
near edge structure (CANES) up to around 50 eV above the edge and extended X-ray 
absorption fine structure (EXAFS) which starts around 50 eV and can reach even 1000 eV 
above the edge. However, the exact energy dividing both regions depends mainly on the 
investigated system. 


Detailed description and interpretation of the XAFS processes can be found in many books 
and papers (Eisenberger & Kincaid, 1978; Koningsberger & Prins, 1988; Lee et al. 1981; Stohr, 
1996; Teo, 1986; Teo. & Joy, 1981). Here only very simple explanation is provided. The 
photoelectron created during the X-ray absorption process can be represented as an 
outgoing wave which is scattered by the surrounding atoms. The outgoing and scattered 
waves interfere with each other which modifies the absorption coefficient in a way that 
depends on the type and spatial arrangements of the neighbouring atoms. Such pattern does 
not appear for an isolated atom. 


In XANES multiple scatterings dominate. The shape of a spectrum in this region depends 
not only on the radial distances, the angles between the atoms, their type and number but 
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also on their chemical bonding. Different chemical bondings (ionic, covalent, metallic) alter 
core-level binding energies producing absorption edge shifts and changing the distribution 
of the unoccupied states above the Fermi level. As an example the measurements of the 
manganese oxides at the Mn K edge can be considered. Fig. 1 presents the XANES spectra 
for Mn, MnO, Mn2O3 and MnO.. It can be noticed that the edge position moves toward 
higher energy while the Mn atoms ionicity changes from 0 to IV. Studies presented by Croft 
et al. 1997 showed that in case of the Mn K edge the edge position changes linearly with the 
valence state. However, not only the edge position but also the shape of the spectra changes 
together with the rearrangements of the atoms around the absorber, reflecting the change in 
the local density of states. 


Absorption (norm.) 


6530 6540 6550 6560 6570 6580 6590 6600 6610 6620 
Energy (eV) 


Fig. 1. XANES spectra at the Mn K-edge of the Mn foil and manganese oxides. 


In the EXAFS region single scatterings dominate which simplifies the analysis. Fig. 2a shows 
the EXAFS spectrum of MnO. As can be noticed, at the end of the range, the oscillations are 
very weak. The absorption coefficient can be defined as u(E) = uo(E) * (1 + x(k)), where uo(E) 
represents a smooth atomic background and y(k) represents the EXAFS oscillations. By 
using this equation u(E) can be converted into x(k). The result is shown in Fig. 2b. These 
oscillations include information about the type, number and distances of the neighbouring 
atoms. The next step is to perform Fourier transformation (FT) from k (photo-electron 
wavenumber) to R (real) space. The y(R) is a complex function; in the Fig. 2c the magnitude 
and the real part for MnO spectrum are shown. The positions of the peaks are related to the 
distances between the absorber and its neighbours. The amplitude and shape of the peaks 
depend on type and number of neighbouring atoms. E.g. the first peak in the plot consists of 
6 oxygen atoms at a distance R = 2.2 A, while in the second one 12 Mn (R = 3.14 A) and 8 O 
(R = 3.85 A) atoms are located. In order to analyse this kind of data a realistic model should 
be assumed first, and then the fitting of this model to the experimental data should be 
performed. The fitting parameters include the distance between given coordination shell 
and the absorbing atom; the number of the atoms in a given shell as well as static and 
thermal disorder. The thermal disorder can be reduced by performing the measurements at 
liquid nitrogen temperature. 
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Fig. 2. a) EXAFS spectrum of MnO at the Mn K-edge; b) EXAFS oscillations extracted from a) 
after atomic background removal; c) the magnitude (black solid line) and the real part 
(dashed red line) of the FT EXAFS oscillations from b). 


The fitting can be done using several accessible programs e.g. SixPACK, EXCURVE, 
WinXAS. The analysis presented in this chapter was conducted using IFEFFIT data analysis 
package with Athena and Artemis programs (Ravel & Newville, 2005). 


The XAFS techniques are selective (only the selected element is investigated), local (only the 
closest surrounding of the absorbing atoms is investigated, up to 10 A for perfectly ordered 
structures) and sensitive (even very low concentration of the element can be detected). 
Moreover, they can be used for samples in different states: solids (crystalline or amorphous), 
liquids, solutions or gaseous. However, it should be emphasized that if the investigated 
atoms form different compounds, the data obtained from the XAFS experiment is averaged 
over all those neighbourhoods. 


3. Materials 


The interest in granular materials composed of semiconductor matrix with nanoinclusions 
of magnetic materials is rapidly growing due to the demonstration of their usefulness in the 
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construction of magnetic tunnel junctions with huge magnetoresistance. (Hai et al., 2009) In 
this kind of material, small ferromagnetic nanoparticles are immersed in the semiconductor 
host lattice providing a built-in local magnetic field. However, in case of MnAs precipitates, 
two crystalline structures with different magnetic properties were found: the cubic zinc 
blende type and hexagonal one. This obstacle does not exist for MnSb clusters since they 
have only hexagonal form. Another advantage of MnSb is a Tc well above room 
temperature. It was shown that bulk MnSb has a Tc of 587 K (Panchula et al., 2003) while for 
MnAs it is only 318 K. What's more, the magnetic force microscopy (MFM) as well as 
superconducting quantum interference device (SQUID) measurements revealed the 
existence of magnetic anisotropy for the MnSb inclusions grown by the MBE method. The X- 
ray magnetic circular dichroism (XMCD) experiment also confirmed that the direction of the 
easy magnetization axis in GaSb:MnSb granular layers grown on the GaSb(100) substrates 
was close to the in plane direction. The ratio of orbital to spin momentum depends on the 
shape and size of inclusions. (Lawniczak-Jablonska et al., 2011) In the case of small 
inclusions the enhancement of orbital momentum was observed which offers interesting 
opportunities for magnetic applications in a low dimensional limit. The observed change in 
the direction of the easy magnetization axis indicates on the possibility to control it by 
proper choice of the substrate and growth conditions. These results show that a compound 
consisting of MnSb inclusions and semiconductor matrix exhibits very interesting magnetic 
and structural properties which can be used in the construction of the spintronic devices. 
Finding the way of forming this kind of material by the implantation method could increase 
its variety of applications. 


3.1 Implantation with low energy Mn* ions (10 keV) 


The GaSb (100) crystals implanted with low energy Mn* ions were considered first. The 
implantation energy was equal to 10 keV and the doses of the Mn* ions were: 1x1016 
Mn/cm2 (#1 sample), 2x1016 Mn/cm2 (#2 sample) and 3x1016 Mn/cm? (#3 sample). After the 
implantation all samples were annealed in a vacuum furnace at 650 °C for 10 min. 


The depth profiles of the element distribution in sample #2 as measured by the secondary 
ion mass spectroscopy (SIMS) are shown in the Fig. 3. Only the region very close to the 
surface is disturbed by the implantation which, for this technique, is almost below the edge 
of detection. However, still it is an indication that the Mn atoms concentrate close to the 
surface as it was expected in this case. 


The shapes of the XANES spectra after normalization look almost the same, which indicates 
that the Mn atoms are located in the similar positions independently on the applied dose. 
Since the aim of the implantation was to form the MnSb inclusions, the spectrum of 
powdered MnSb was measured as well. It can be seen in Fig. 4 that the spectrum of the 
standard MnSb sample is completely different from the spectra of the implanted samples. 
This excludes the possibility of MnSb formation in the investigated samples. On the other 
hand, the strong first peak is characteristic for MnO. The other maxima for the #1 sample in 
comparison to MnO are weaker and slightly shifted in energy which means that other type 
of compound dominates here. However, existence of some amount of manganese oxides 
cannot be excluded. 


From EXAFS analysis more detailed information about the distribution of the atoms can be 
found. XANES spectra revealed that there is no MnSb, therefore, other cases should be 
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considered. As it was predicted, the MnO structure does not dominate here. Oxygen can be 
only responsible for the tail visible between 1 and 2 A (see Fig. 5). Therefore, other models 
should be checked. 
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Fig. 3. SIMS depth profiles of the element distribution in the #2 sample. 
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Fig. 4. XANES spectra of the #1 sample compared with the MnSb and MnO references. 
Spectra are shifted vertically for clarity. 
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Fig. 5. FT EXAFS spectrum of the #1 sample and theoretical models based on the GaSb 


crystallographic data. Model 1: Mn substituting Ga (Mnca); Model 2: Mn substituting Sb 
(Mnsp). Spectra are shifted vertically for clarity. 


Since the Mn atoms are implanted into the GaSb crystal, the GaSb model seems to be the 
obvious choice. First, two cases have to be checked: 1) the Mn atom substituting the Ga atom 
in the GaSb structure (Mnga) and 2) the Mn atom substituting the Sb atom (Mngp). Fitting of 
both models returned unphysical parameters. Therefore, in Fig. 5, not the fitting results but 
the simulated spectra for the models are compared with the magnitude of FT EXAFS 
oscillations for the sample with the lowest dose (#1). Model 1 is a sum of 8 single scattering 
paths corresponding to the consecutive 4 Sb and 4 Ga coordination spheres in the GaSb 
crystal, where central Mn atom is located in the Ga position. The number of atoms in each 
coordination sphere was kept set according to the GaSb crystallographic data. Model 2 
presents such sum for the Mn central atom located in the Sb position. 


A closer look at the calculated spectra for models reveals the possibility that the Ga atoms 
can be located in the first shell but at shorter distance. Moreover, it seems that the Sb atoms 
are not located in the vicinity of the Mn atoms. It leads to model 3 also based on the GaSb 
structure, where only the Ga atoms are present. In Fig. 6 a sum of 4 single scattering Ga 
paths corresponding to four consecutive shells consisting of Ga atoms is shown. The result 
seems to be closer to the experimental spectrum but the distances to the subsequent shells 
are too large. However, with a lack of antimony atoms, it can be expected that remaining Ga 
atoms rearrange their positions and move closer to the central atom. This is shown in model 
4 (Fig. 6), where the distances to each shell were modified to agree with the experiment. 


The preliminary fitting of the experimental spectrum was performed using model 3. While 
defining the parameters, it has to be taken into account that the farther given shell is located 
in model 3 the more it has to be moved to agree with the experiment. Therefore, the AR 
parameter responsible for monitoring changes in the distances (R) was defined as R*a, 
where a is a parameter measuring lattice contraction. The result is shown in Fig. 7. The fit is 
not perfect because only single scattering Ga paths were considered, however in spite of 
that; the model works reasonably well even up to 8 A. It can be noticed that the distances are 
getting significantly shorter. The comparison between the distances to the subsequent shells 
found from model 3 and fit is shown in Tab. 1. 
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model 4 


#1 sample 


Fig. 6. FT EXAFS spectrum of the #1 sample and theoretical models based on the GaSb crystal 
with the Sb atoms removed. Model 3: distances to the Ga shells as in the GaSb crystal; Model 4: 
shortened distances to the Ga shells. Spectra are shifted vertically for clarity. 
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Fig. 7. Fitting of the FT EXAFS spectrum of the #1 sample using single scattering Ga paths 
for four consecutive Ga spheres in the GaSb crystal compared with the same paths as found 
from the model 3. 


The structure above 5A in the spectra for higher doses was not well preserved which 
indicates that an increase of dose introduces higher disorder in the sample. Therefore, only 
two Ga shells were considered in the precise fitting. The first and second shells consist of 
gallium atoms. The tail below the first shell was fitted assuming presence of oxygen. MnO 
did not crystallize here; only in average 2-3 oxygen atoms at the distance of 2.02 A were 
found. In order to further improve quality of the fits also some residual antimony atoms had 
to be introduced between the shells. In Fig. 8 the results of fitting for samples with all doses 
are shown. 


In summary, the EXAFS analysis revealed that even low energy implantation and quick 
annealing lead to the significant deficit of Sb atoms around implanted Mn atoms. Some 
traces of the Mn-O bonds are detected, however, the majority of the Mn atoms is found to be 
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located in the antimony positions in the GaSb matrix where the Sb sublattice is almost 
completely destroyed and the remaining Ga sublattice contracts significantly. It leads to the 
creation of the inclusions containing Mn-Ga material. In these inclusions Mn atoms are 
located within the contracted Ga sublattice preserving a crystalline order characteristic for 
the GaSb crystal with the F-43m space group (Wolska et al., 2010). 
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Fig. 8. Fitting results of the FT EXAFS spectra for the implanted samples up to the second 
coordination shell. Residual O and Sb atoms were also used in the fits. For the #1 sample the 
contribution from the oxygen atoms is shown (blue dashed line). The a parameter is a 
measure of lattice contraction. Spectra are shifted vertically for clarity. 


I shell (4 Ga) I shell (12 Ga) | MI shell (12 Ga) | IV shell (16 Ga) 


Roa [A] (model) | 2.65 5.07 6.66 7.95 
Rca [A] (fit) 2.43 4.66 6.12 7.30 


Table 1. The distances to the subsequent Ga shells found from the GaSb model and the fit. 


3.2 Implantation with high energy Mn’ ions (150 keV) at room temperature 


The implantation of the low energy Mn+ ions did not succeed in the creation of the MnSb 
inclusions. Therefore, in the next step higher energy of the Mn+ ions was used. The 
implantation energy was equal to 150 keV and the dose was 1.7x10!7 Mn/cm2. One of the 
samples was left without any additional treatment. The other one was annealed in Ar 
atmosphere at 350 °C for 5 min. 


The examination of XANES spectra of the samples revealed that this approach was not 
successful as well. MnSb inclusions were not formed. The XANES spectrum of the as 
implanted sample is quite shapeless which suggests that the Mn atoms' surrounding is 
amorphous (see Fig. 9). For the annealed sample weak maxima around 6570 eV and 6600 eV 
can be distinguished. They correspond to the maxima seen for the samples implanted with 
low energy ions (in Fig. 9 the #3 sample is shown as an example) described in the previous 
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procedure. Both spectra are similar, except for the first maximum which is more 
pronounced for the #3 sample. Since it was attributed to the presence of oxygen, it would 
imply lack of manganese oxides in the new samples. 


annealed 


as implanted 


Absorption (arb.u.) 


6540 6560 6580 6600 6620 
Energy (eV) 


Fig. 9. XANES spectra of the as implanted and annealed samples compared with the #3 
sample implanted with low energy ions described in previous subchapter. Spectra are 
shifted vertically for clarity. 
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Fig. 10. Fitting results of the FT EXAFS spectra for the as implanted and annealed samples. 


In order to obtain more precise information about the Mn location in the samples, the 
EXAFS analysis was performed. In the FT EXAFS of the as implanted sample only the first 
shell can be distinguished (Fig. 10). This confirms the conclusion drawn from XANES 
analysis that the Mn neighbourhood is amorphous here. This shell is mainly populated by 
the Ga atoms but some traces of the Mn atoms can also be fitted here. As was expected, the 
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implantation with high energy ions leads to a lack of a long range order around the 
implanted ions. 


After annealing in Ar atmosphere the amplitude of the first shell became higher and the 
second shell can be distinguished (Fig. 10). The annealing enabled to reconstruct the 
crystalline structure around the implanted ions; however, still the structure is not the MnSb 
or GaSb. The Mn atoms are no longer located in the first shell. The Ga atoms dominate in the 
near neighbourhood forming contracted Ga lattice as it was shown for the samples with low 
Mn doses. However, in this case there are no traces of the Mn-O bonds and still no Sb atoms 
were found around Mn. 


In the attempt to reintroduce the Sb atoms into the crystal, next two implanted samples were 
annealed in vacuum with Sb vapour at 400 °C for 48 h and at 600 °C for 2h. The distributions 
of the elements as measured by SIMS are presented in Fig. 11. Clear attenuation in the depth 
profiles of the Ga and Sb atoms reflects the disturbed region in the crystal. Therefore, the 
ratio between the Sb and Ga atoms distributions is taken into consideration in the analysis 
while investigating the relative changes in the concentration of Sb atoms. 


N N 
© = 


Mn concentration (at/cm’) 
SIMS signal (counts/s) 


SIMS signal (counts/s) 
Mn concentration (at/cm’) 


= 
NX 


Fig. 11. SIMS depth profiles of the element distribution in the samples annealed in Sb 
vapour compared with the profiles for the as implanted sample. 


SIMS data show that there is a depletion in the distribution of the Sb atoms in respect to the 
Ga atoms in the vicinity of the surface for the as implanted sample. For the samples 
annealed in Sb vapour the ratio of the Ga to Sb atoms stays almost constant. It confirms that 
such annealing reintroduces the Sb atoms into the implanted samples. On the other hand, 
together with antimony high amount of oxygen was also introduced during this procedure. 
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EXAFS analysis of the samples annealed in Sb vapour shows completely different atomic 
order around Mn atoms in comparison to previously investigated samples. It was found 
from SIMS data that high amount of oxygen was introduced during the heat treatment. And 
indeed, as seen from the EXAFS spectra in Fig. 12, the first shells show the distribution 
characteristic for oxides. However, in both samples the Mn atoms don't form stoichiometric 
MnO with long range order but the oxygen atoms are found in the first shell and different 
numbers of Mn atoms in the second one. What's more, the Mn-Mn distances differ between 
the samples annealed at 400°C (R= 3.12 A) and 600°C (R=3.55 A) which means that 
different types of manganese oxides start to be forming. 


R (A) 


Fig. 12. Fitting results of the FT EXAFS spectra for the samples annealed in Sb vapour 
compared with the MnO reference. Spectra are shifted vertically for clarity. 


In summary, the EXAFS results showed that in all considered cases the implantation 
removed the Sb atoms from the neighbourhood of the Mn atoms. After annealing in Ar 
atmosphere the Mn-Ga inclusions were formed. The annealing in Sb vapour reintroduced Sb 
atoms but together with oxygen which is more reactive and was bounded to the Mn atoms 
forming Mn oxides (Wolska et al., 2010). 


3.3 Implantation with high energy Mn* ions (150 keV) at low temperature (80 K) with 
noble gases co-implantation 


The attempts shown above revealed that, in order to establish the proper procedures, it is 
necessary to investigate processes with more steps. It was assumed that the cold and 
disordered matrix would prevent the escape of the Sb atoms. Therefore, the co-implantation 
of noble gases was considered. The He* and Ne* ions were used to make the matrix 
disordered. Then, the Mn* or the Mn* and Sb* ions were implanted. The substrates' 
temperature during the implantation processes was kept at 80 K. The energy and doses of 
Mn+ and Sb* ions were chosen according to the depth profile ion distribution simulated by 
the SRIM2008 code (Ziegler et al., 1985) in order to locate the Mn+ and Sb+ ions at the 
distance from 50 to 150 nm below the surface. The implantation of noble gases was assumed 
not to influence the GaSb matrix density. The calculated ranges of ions are listed in Tab. 2. 
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Four series of implantation were prepared: 


a. NeMn where the substrate was implanted first with the Net ions (250 keV, dose 5x1016 
cm) and then with the Mn* ions (150 keV, dose 9x10!4 cm). 

b. NeMnSb where after the procedure described in point a) the Sb+ ions (250 keV, dose 
9x1014 cm-2) were implanted 

c. HeMn where the substrate was implanted first with the He* ions (80 keV, dose 5x1015 
cm) and then with the Mn* ions (150 keV, dose 9x1014 cm-2). 

d. HeMnSb where after the procedure described in point c) the Sb* ions (250 keV, dose 
9x1014 cm-2) were implanted. 


Rp= 433.6 nm 
ARp= 151.4 nm 


Rp= 94.70 nm 
ARp= 48.28 nm 


I step (noble gases) | II step (Mn* ions) III step (Sb* ions) 
NeMn Ne+ GaSb Mn+ GaSb 
Rp=369.1 nm Rp=94.82 nm 
ARp=149.2 nm ARp=48.11 nm 
NeMnSb Ne+ GaSb Mn+ GaSb Sb+ GaSb 
Rp=369.1 nm Rp=94.82 nm Rp= 74.20 nm 
ARp=149.2 nm ARp=48.11 nm ARp= 33.70 nm 
HeMn He+ GaSb Mn+ GaSb 
Rp= 433.6 nm Rp= 94.70 nm 
ARp= 151.4 nm ARp= 48.28 nm 
HeMnSb He+ GaSb Mn+ GaSb Sb+ GaSb 


Rp= 78.10 nm 
ARp= 37.30 nm 


Table 2. The calculated ranges of ions for each implanted series. 


Each of the implanted samples was subsequently divided in two parts. One part was left as 
such (as-implanted), the second part was subject to rapid thermal annealing (RTA) for 5 
min. in Ar atmosphere at the temperature 350 °C (RTA 350). 


The SIMS measurements were conducted on the samples annealed at 350 °C. The results are 
shown in Fig. 13. There are clear differences in the distribution of the elements depending 
on the type of noble gas used in the co-implantation. What's more, in all cases a considerable 
amount of oxygen atoms was incorporated deeply into the matrix. 


Close comparison of the Mn and Sb distributions found from SIMS measurements with 
those calculated by the SRIM code confirms that the results depend on the matrix 
preparation. In Fig. 14 the SRIM and SIMS data for the NeMn and NeMnSb samples are 
presented. In case of the Mn atoms there is a perfect agreement - the maximum of the 
concentration is located around 85 nm from the surface for the calculations and 90 nm for 
the measurements. The maximum for the Sb atoms is supposed to be around 70 nm. From 
SIMS data it is hard to determine the maximal point but comparison between the NeMn and 
NeMnSb clearly shows that additional Sb atoms are located within the same depth as the 
Mn atoms. This could suggest that at least in the NeMnSb sample the possibility of the 
MnSb formation exists. 


In case of the samples co-implanted with the He+ ions the changes introduced to the matrix 
resulted in remarkable distortion from predicted Mn and Sb distributions. In Fig. 15a it can 
be seen that according to the calculations the maximum of the concentration should be 
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around 85 nm for Mn and 70 nm for Sb. However, SIMS results (Fig. 15b) show that for the 
HeMn sample maximum of the Mn concentration is around 200 nm, while for the HeMnSb 
sample there is a long plateau slightly tilted down. The results are in correlation neither to 
the Mn atoms nor to the predictions. 


NeMn NeMnSb 


RTA 350 


SIMS signal (counts/s) 
Concentration (at/cm’) 
SIMS signal (counts/s) 
Concentration (at/cm’) 
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Fig. 13. SIMS depth profiles of the element distribution in the RTA 350 samples. 
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Fig. 14. a) Depth distribution of the implanted Mn and Sb atoms (after the Ne* implantation) 
as calculated by SRIM 2008; b) Depth distribution of Mn and Sb atoms in the samples as 
measured by SIMS. 
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Fig. 15. a) Depth distribution of the implanted Mn and Sb atoms (after the He+ implantation) 
as calculated by SRIM 2008; b) Depth distribution of Mn and Sb atoms in the samples as 
measured by SIMS. 


From the analysis conducted above it can be concluded that the distribution of the Mn ions 
after the implantation by the Ne* ions is close to the prediction of SRIM2008 simulation, 
while changes introduced to the matrix by the He* ions resulted in remarkable distortion 
from predicted Mn distribution. Taking into account that the SIMS results for the NeMnSb 
sample show that the co-implantation of the Mn+ and Sb+ ions tends to gather them in the 
same region one can suspect that in this sample the MnSb compound may be formed. 


The XANES measurements of the as implanted and RTA 350 samples are presented in Fig. 
16. The MnSb spectrum is shown for comparison. It is obvious that the MnSb inclusions 
were not formed, even for the prospective NeMnSb sample. What's more, spectra for all 
look very similar which indicates that the Mn neighbourhood doesn't change much for any 
of them. 


In Fig. 17 the FT EXAFS spectra for the RTA 350 samples are presented (the spectra of the as 
implanted samples look very similar and are not shown here). For all of them only the first 
peak can be distinguished. It means that the neighbourhood of the Mn atoms is amorphous 
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or highly disordered. The MnO reference spectrum is shown for comparison. Its first shell 
consisting of oxygen looks like the one in the samples. The second, Mn consisting shell, is 
not formed in the samples. 


Absorption (arb.u.) 


MnSb 


as implanted 
= — -RTA 350 


6520 6540 6560 6580 6600 6620 6640 6660 
Energy (eV) 


Fig. 16. XANES spectra of the as implanted and annealed samples compared with the MnSb 
reference. Spectra are shifted vertically for clarity. 


— — - NeMnSb 
---- HeMn 
---— HeMnSb 


Ix(R)| (A*) 


R (A) 
Fig. 17. FT EXAFS spectra for the RTA 350 samples compared with the MnO reference. 
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The model fitted to the spectra confirms that for all samples Mn-O bonds are formed. In all 
cases number of the O atoms is lower than for MnO (around 3 atoms instead of 6) and the 
Mn-O distances are shorter (around 2.03 A instead of 2.22 A). 


In summary, the X-ray absorption analysis showed that independently on the co- 
implantation and post-implantation procedures only the Mn oxides were formed inside the 
GaSb matrix in the considered samples. The implantation into the cold and amorphous 
substrate indeed prevented the Sb atoms from escaping, however, at the same time through 
the formed frozen channels the oxygen atoms were incorporated deeply into the matrix. 


3.4 Implantation with high energy Mn’ ions (350 keV) into the Si3N, capped samples 


The procedures described above succeeded in preventing the Sb atoms from escaping but 
did not prevent the oxygen contamination. Therefore, in the next attempt the GaSb (100) 
crystals were capped with amorphous Sb and Si3N, before the implantation of the Mn ions. 
The SiN; cap was supposed to protect the matrix from the introduction of oxygen while the 
Sb layer was providing additional Sb atoms. The implantation energy was equal to 350 keV 
and the dose was 1.3x10!7 Mn/cm2. The substrate temperature during implantation was 
kept below 50°C. One of the implanted samples was left untreated; the other one was 
annealed at 500°C for 20 minutes. Additionally, another not capped GaSb(100) crystal was 
submitted to the same implantation and post-implantation process in order to check the 
influence of the capping layer. Tab. 3 lists the names of the samples and the processes they 
were submitted to. 


annealed 210V 210NV 


Table 3. The names of the implanted samples and the processes they were submitted to. 


The SIMS measurements show that indeed the presence of the Si3N4 capping layer 
introduces changes between the samples. In case of the capped samples, the depletion in the 
Ga and Sb distributions ends earlier that in the analogous uncapped ones. (Fig. 18) 


For the as-implanted 210 and 210N samples the Mn and O distributions look rather similar. 
However, in case of the annealed ones the differences are quite significant. For the 
uncapped 210V sample the Mn and O distributions changed slightly the slope but still 
remained approximately parallel. For the capped annealed 210NV sample the O atoms were 
moved closer to the surface while the Mn atoms stayed deeper. It means that capping and 
annealing indeed had influence on the Mn and O atomic distributions. 


Consideration of the SIMS data leads to the conclusion that in the 210NV sample new type 
of inclusions can be formed. However, in the XANES spectra only slight changes in the 
shapes are seen between the as implanted and annealed samples independently from the 
presence of the capping layer (see Fig. 19). The pronounced first peak characteristic for the 
manganese oxides dominated in the spectra. 
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Fig. 18. SIMS depth profiles of the element distribution: a) in the as implanted samples; b) in 
the samples annealed in Ar atmosphere. 
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Fig. 19. XANES spectra of the as implanted and annealed samples. 


FT EXAFS spectra reveal that in all samples an amorphous neighbourhood exists around the 
Mn atoms (see Fig. 20). Only first coordination shell is visible. Its amplitude differs between 
the as-implanted and annealed samples confirming differences noticed in the XANES spectra. 


The model fitted to the spectra revealed that the Mn atoms' neighbourhood consists of O 
atoms. For the as-implanted samples there are in average 3 O atoms at the average distance of 
2.09 A, while for the annealed samples around 5 O atoms can be found at the same distance. 
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In summary, the SIMS measurements show that the capping layer influenced the distribution 
of the elements. However, the XAFS analysis reveals that the implantation temperature was 
too low to enable formation of the inclusions other than the manganese oxides. 


Fig. 20. Magnitude of FT EXAFS spectra for the samples compared with the MnO reference. 


3.5 Implantation into warm substrate 


Conclusions from the previous procedures suggested another approach - the implantation 
into the warm substrate. In this case the substrates were kept at 70 °C and 200 °C during the 
implantation. First, the Mn* ions (120 keV, dose 5x1016 cm-2) were implanted and then the 
Sb* ions (240 keV, dose 5x10!6 cm). After implantation the samples were annealed in situ at 


350 °C for 0.5 h. 
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Fig. 21. SIMS depth profiles of the element distribution: a) in the sample implanted at 70 °C; 


b) in the sample implanted at 200 °C. 
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From the SIMS data the differences between the samples can be distinguished. For the 
200 °C sample the maximum of the Mn atoms concentration is 50 nm closer to the surface 
than for the 70 °C sample and corresponds with the depletion in the Sb atoms distribution. 
For the 70 °C sample no depletion in the Sb profile in respect to the Ga one can be detected 
but the level of the O atoms is higher than in the 200 °C sample. 


The XANES spectra confirm that there are differences between the samples (see Fig. 22). 
Comparison with the previously analysed various types of spectra leads to the conclusions 
that in the 70 °C sample some oxides can be expected while the 200 °C sample is probably 
the Mn-Ga type. 


impl. 200 °C 


Absorption (arb. u.) 


6540 6570 6600 6630 6660 
Energy (eV) 


Fig. 22. XANES spectra of the samples implanted at 70 °C and 200 °C compared with the 
MnSb reference. Spectra are shifted vertically for clarity. 


The EXAFS analysis confirms these conclusions. In the 70°C sample two shells can be 
distinguished, see Fig. 23. The first one consists of the O atoms at the distance of 2.06 A. In 
the second one the Ga atoms are present at the distance of 2.46 A. In case of the 200°C 
sample, according to predictions, two shells containing the Ga atoms are visible (Fig. 24). 


It was assumed that the additional Sb atoms introduced into the matrix would facilitate the 
formation of the MnSb inclusions; however, the EXAFS analysis didn't confirm the presence 
of the Sb atoms in the Mn atoms' neighbourhood. In case of the sample implanted at 70 °C, 
the Mn oxides and Mn-Ga clusters coexist. For the sample implanted at 200 °C only the Mn- 
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Ga clusters are formed. It can be concluded that the thermal disorder during the 
implantation at higher temperature prevented the migration of the oxygen atoms due to the 
quick recrystallization of the matrix during cooling. However, the chemical affinity of Mn to 
Sb is lower than to Ga. 


o impl. 70°C 


Fig. 23. Magnitude of the FT EXAFS spectrum of the sample implanted at 70 °C together 
with the fit. In the first shell the oxygen, in the second - the gallium atoms are located. 


o impl. 200°C 


Fig. 24. Magnitude of the FT EXAFS spectrum of the sample implanted at 200 °C together 
with the fit. The first and second shells consist of the gallium atoms. 


4. Conclusions 


The examples of forming the MnSb inclusions in the GaSb crystals during the Mn* ion 
implantation shown in this chapter demonstrate that detailed information about the dopants' 
neighbourhood is a very important part of characterization of any new material. The attempts 
at obtaining the MnSb inclusions encountered several obstacles which were recognized by 
XAFS analysis. Implantation tends to remove Sb atoms from the neighbourhood of the Mn 
atoms even with the implantation temperature kept close to liquid nitrogen temperature. It 
was possible to reintroduce Sb atoms by the annealing in Sb vapour but together with oxygen 
which is more reactive and was bounded to the Mn atoms. Keeping the high temperature 
during the implantation prevented the migration of oxygen but still the chemical affinity of 
Mn to Sb is lower than to Ga and the Mn-Ga clusters are formed. 
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In summary, the theoretical calculations enable to determine the values of the implantation 
parameters in order to plan distribution of each element. Thanks to the SIMS measurements 
it can be checked if the element distributions are in agreement with the predictions. 
However, it is not enough to ensure that the implanted element is located in the right part of 
the material, it is also important to find out its chemical bonding which is possible with the 
XAFS techniques. 
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